Monitoring of individual follicles during the menstrual cycle demonstrates in a noninvasive way the changes in their number and position during the early and the late follicular phase and the luteal phase. The differences in relations between the follicles near the dominant follicle can be demonstrated with the same technique using 3D reconstruction of the ovary.
INTRODUCTION
Since the introduction of ultrasound imaging in medicine, the indications and the scope of application of this visualization technique in everyday practice of gynecology and obstetrics have been constantly widened. With new advancements in technology it is now possible to monitor even subtle physiological changes in the ovary.
Several recent reports review the use of ultrasonography in reproductive medicine in general, sonographic characteristics of reproductive organs during the normal menstrual cycle, the role of sonographic assessment in infertile patients and the possibility to use ultrasound as the only tool to monitor ovarian stimulation. 1, 2 This article describes various uses of ultrasound imaging in assisted reproductive technologies as the principal noninvasive technique for evaluation of the key process of ovarian function-the process of folliculogenesis. It reviews the ability of ultrasonography to predict the success of IVF cycles and monitor them.
Folliculogenesis is a constant process, which starts in the embryogenic period and ends with the disappearance of the last functional follicle in the period of menopause. The term "folliculogenesis" could be used in its broader meaning, when it is equal to the term "ovarian life cycle" which refers to all phases that a primordial germ cell has to pass to become the mature healthy oocyte that is subsequently fertilized. [3] [4] [5] [6] Histological studies of Gougeon and Lefèvre on primate and human ovarian tissue have established the useful morphological classification of follicles and have given a more detailed insight into the dynamics of follicle growth. granulose cells (GCs) which are coupled by gap junctions, thus forming the functional syncytium concerned with metabolic functions and chemical and electrical messaging pathways, thereby compensating for the otherwise avascular intrafollicular environment. 11 At this point of development, the follicle begins to change into the antral follicle and after an 85-day journey becomes a follicle of preovulatory size. This antral phase of follicle development is typically divided into four stages. After the formation of the antrum (~0.4 mm in diameter), the rate of follicular growth accelerates and follicle development enters the so-called accelerated growth phase. 10, 11 Healthy antral follicles measuring 2 to 5 mm that are present during the late luteal phase constitute the population from which the follicle destined to ovulate during the subsequent cycle will be selected. These follicles are commonly called recruited follicles, and the term recruitment is employed to indicate the process of constant follicle growth through which these follicles are provided. Their number in the late luteal phase is between three and 11 per ovary in women aged 24 to 33 years, 16 and strongly decreases with increasing age. The process of follicular selection represents the final winnowing by atresia of the maturing, but not quite yet dominant follicular cohort, down to a size equal to the species-characteristic ovulatory quota. In our species, follicular selection is presumed to occur during the first five days of the cycle, at a time when the leading follicular diameter is 5 to 10 mm. 11 The follicle to be released during ovulation is the dominant follicle, and the term dominance refers to its status in comparison with other follicles recruited in the same cycle. It is presumed that the dominant follicle itself has the key role in regulating the size of the ovulatory quota. Generally, in humans one of the selected follicles becomes dominant about a week before ovulation-as early as days 5 to 7 of the cycle, at the time when the follicular diameter is app. 10 mm. After attaining dominance, the follicle destined for ovulation grows with an almost uniform rate of 2 to 3 mm per day, until it reaches a mean diameter ranging from 17 to 27 mm just prior to ovulation (Fig. 2) . 10, 17 The main pathway of blood supply to the mature follicle is through vascular network located along the inner border of the theca interna and from these vessels the transport of nutrients, oxygen, precursors of steroidogenesis and waste products goes through the avascular granulosa layer and to the oocyte by diffusion. As already mentioned, it is now feasible and easy to test hypotheses on a possible correlation between indices of perifollicular blood flow of the given preovulatory follicle and the quality of the oocyte, which is expressed indirectly through fertilization and pregnancy rates using color and power Doppler ultrasonography. These correlations have potentially great clinical importance in the prediction of cycle outcome in the in vitro fertilization (IVF) program.
Under the influence of the midcycle luteinizing hormone (LH surge, the dominant follicle undergoes dramatic transformations designed to effect further oocyte maturation as well as follicular rupture. Mechanically, ovulation consists of rapid follicular enlargement followed by protrusion of the follicle from the surface of the ovarian cortex. Finally, rupture of the follicle results in the extrusion of an oocyte-cumulus complex. Endoscopic visualization of the ovary around the time of ovulation has revealed that the rupture of the conical "stigma" on the surface of the protruding follicle is accompanied by gentle, rather than explosive, expulsion of the oocyte and antral fluid, suggesting that this process is not happening under high pressure. 5 After ovulation, rapid morphological transformation of the dominant follicle begins. Following expulsion of the oocyte, capillaries and fibroblasts from the surrounding stroma proliferate and penetrate the basal lamina. Concurrently, the mural granulosa cells undergo morphological changes collectively referred to as luteinization. Thus, luteinized Thickness of follicle wall (granulosa) can be measured granulosa cells (GCs), surrounding theca-interstitial cells and invading vasculature intermingle to give rise to the corpus luteum, a highly vascularized ephemeral endocrine gland, which is the major source of sex steroids in the postovulatory phase of the cycle. If pregnancy does not occur in the given cycle, after 14 ± 2 days the corpus luteum spontaneously regresses through the process called luteolysis, to be replaced at least five cycles later by an avascular scar referred to as the corpus albicans. In case of pregnancy, hCG secreted by the trophoblast maintains the viability and the ability of the corpus luteum to produce progesterone until the luteoplacental shift. However, not all cycles are ovulatory. Nonovulatory cycles could be classified into three types: the cycle without dominant follicle development (a cohort of selectable follicles starts developing, but the dominant follicle does not emerge); the cycle with atretic dominant follicle (the dominant follicle develops, but becomes irregular, continues to grow until midcycle and then disorganizes without ovulation); and the cycle with luteinized unruptured follicle (the dominant follicle grows till midcycle, does not ovulate, the growth rate then doubles and irregular structures occur in the antrum).
SONOGRAPHIC INDICES OF FOLLICLE GROWTH AND OVULATION
Kratochwil et al 18 were the first to describe and illustrate in 1972 that ovaries could be visualized by ultrasound and that follicles could also be identified. Following this initial report, the first systematic investigations with ultrasonographic demonstration of follicular development during spontaneous and stimulated cycles were performed in 1977. 19 Since then, several authors have confirmed the initial observations and ultrasound provides a simple and noninvasive insight into the physiological changes during the menstrual cycle, also allowing accurate and reproducible investigations of follicular size, development and growth during the follicular phase. [20] [21] [22] The ovary could be described as a relatively small, paired organ with a complex, mosaic-like, constantly changing structure, which has a central role in reproduction as it is the only source of ova and the main site of sex steroid hormone production in females. Despite the fact that ultrasonography has been introduced as a useful tool in clinical medicine and research since the 1970s, no studies have attempted to monitor and characterize the cohort of selectable antral follicles and their growth dynamics in vivo until the mid-nineties. 23 The main reason for this was the absence of appropriately advanced ultrasound devices and inadequate computer modeling necessary for the evaluation of an organ such as the ovary, which does not have a rigidly fixed position in the pelvic cavity, but possesses an ever-changing histological structure and a daily changing structure and interfollicular position inside the ovary (Fig. 3) . 24 For the purpose of reproducible and reliable data collection, it is common to take a follicular diameter of > 2 mm as the lower visible limit. 16, 25 Secondary antral follicles, app. 2 mm in diameter, are the first follicular structures that may be visualized and investigated reliably by the common US device. The antral follicle count has clinical importance for estimating ovarian age and predicting its reactivity on controlled ovarian hyperstimulation. Antral follicle growth in the early follicular phase has clinical importance in appropriate timing of selected follicles for aspiration of immature human oocytes for in vitro maturation (IVM), prediction of cycle outcome in a natural cycle or controlled ovarian hyperstimulation (COH) for IVF or intrauterine insemination (IUI). [26] [27] [28] From the aspect of assisted reproduction, it is of critical importance to be able to predict the outcome of the monitored cycle (ovulatory vs nonovulatory cycle) and to identify clinically applicable parameters of follicle quality, because one of the key factors that affects the quality of the oocyte, and thus indirectly the quality of the embryo and the outcome of pregnancy, is the quality of the follicle itself.
Before the study of Gore et al 24 in the population of healthy volunteers, there had been no previous studies, which had attempted to survey the entire visible antral follicle population of the ovary noninvasively (the exception are histological studies in humans 7, 29 and in cattle 30 ). Gore et al developed the method to identify, map, characterize and monitor growth, movement, positioning and interaction of individual follicles noninvasively using 2D ultrasound imaging along with computer modeling, which enabled 3D modeling of the ovary. They also introduced a set of visual criteria for the prediction of follicle status and cycle outcome (ovulatory vs nonovulatory) by investigating growth dynamics of the entire visible antral follicle population during natural, spontaneous cycles. 23 In this study, ovulatory cycles were used as a reference for normality and these were characterized and compared with those cycles, which did not result in ovulation. They examined in detail the population of small follicles, restricting the analysis to the ovulatory cycles. An important finding was the drastic reduction of the antral follicle population at the end of the luteal phase, followed by a rapid increase in the population (new antral follicle growth). A new group of growing follicles may signal intense competition for dominance. These findings suggest that the population of follicles from which a dominant follicle arises is at the start of the new cycle and is preantral or early antral (< 2 mm), sizes not detectable with ultrasonography. The authors were able to identify the dominant follicle before it became the largest follicle, and demonstrate that the first largest follicles observed were not usually the ultimate dominant follicles. The selection of the dominant ovulatory follicle occurs before day 5th of the cycle, after day 5th to 7th its dominance becomes apparent by its continuously increased size by 2 mm per day (Figs 4 and 5). Different growth patterns during the follicular phase of the cycle have different values in different types of stimulation protocols. The critical points for administration of hCG should differ in GnRH agonist and GnRH antagonist protocols. 31 Some authors advocate different decisions for hCG administration in stimulation protocols with FSH and also in hMG. We believe that for a good clinical result of ART, in GnRH agonist downregulated cycles the diameter of the leading follicle must be bigger if hMG is used (18 to 19 mm) than if recombinant FSH (17 to 18 mm) is used. The same is true in GnRH antagonist downregulated cycles. Recording of follicle growth and the day when follicle selection started is important for GnRh antagonist administration, which is the main difference between so called "fix" and "flexible" antagonist protocols. 34 In flexible protocols great importance is attributed to follicle growth dynamics. The antagonist should be administered at the moment when the follicles are selected from the cohort and they reach 12 to 14 mm in diameter.
Growth patterns in non-stimulated cycles are important, but only in relation with estradiol monitoring for the appropriate time of hCG administration. Unstimulated cycles monitored with ultrasound and the combination of serum E2 and urinary LH can produce an acceptable pregnancy rate after IVF and ICSI. hCG should be administered when serum E2 is > 0.49 nmol/L and follicle diameter at least 15 mm. A higher pregnancy rate and lower cancellation rate can be obtained when hCG is applied in lower values of serum E2 and smaller follicle diameters, below the diameter believed to be of preovulatory size (Fig. 6 ). 32 Visible characteristics of antral follicles mapped in the ovary, used by these authors for the prediction of the ultimate fate of the follicle, are: size (the largest diameter of the follicle), shape (round, oval, rectangular, triangular), echogenicity (high, medium, low) and antral edge quality (smooth, intermediate, rough). 23 Subdominant follicles (antral follicles that would not gain dominance) had the least regular shape and antral edge, the smallest size by definition and the highest echogenicity in comparison to all monitored dominant follicles throughout the follicular phase. Ovulatory follicles (antral follicles that would ultimately ovulate) could be distinguished from atretic follicles by their round shape and from luteinized unruptured follicles by their middle range echogenicity. By the end of the follicular phase, their antral edge became smoother. Atretic dominant follicles had the least regular shape, but they were the largest follicles in the early follicular phase. Their antral edge then became more irregular, while their echogenicity remained at the same level. Luteinized unruptured follicles (dominant follicles that would not ovulate, but would become luteinized) could be distinguished from other dominant follicles throughout the follicular phase by their regular shape, smooth antral edge and very low echogenicity. According to these authors, the most important distinguishing features between ovulatory follicles and LUFs on the one side, and atretic dominant follicles on the other side, are: in the early follicular phase, both follicle types were the roundest among all selectable follicles and in the mid-follicular phase both were roundest and largest. By the late follicular phase, ovulatory follicles and LUFs differ from each other by their echogenicity (middle range vs low echogenicity). Atretic dominant follicles were the least regular in shape and antral edge.
By distinguishing antral follicles from those identified later on as dominant and those where atresia will occur in the next few days of development (challenger follicles), ultrasound offers the possibility of new information about the "behavior" of such cohorts of antral follicles (> 6 mm in diameter). 23, 24 The results of this study showed that antral follicle development was not restricted to a particular location in the ovary. The apparent randomization of location may provide a developmental advantage for the follicles. Using the comparison of the dayby-day ultrasonographic scan with the 3D model of the same ovary, it was established that the dominant follicles subsequently appeared to reduce the number of neighboring challenger follicles. This result suggests that paracrine secretion of the dominant follicle was the source for the localized effect providing increased nutrient level and space at the critical growth stage for dominant follicles. The dominant follicle has a linear growth rate between 1.4 and 2.2 mm per day until the day of the LH peak, at the time of the LH surge it measures between 18.1 and 22.6 mm. After the peak, growth increases very quickly. 26 Sequential ultrasonographic follow-up of follicle growth was published by Nayudu et al. 27 The first US scan was done between day 8th and day 10th of the cycle to determine whether a pattern of growth is common in the cohort of retrieved follicles related to conception. They observed 107 stimulated cycles and constructed individual profiles for each follicle. Parameters of follicle growth pattern have been suggested to be associated with or predictive of follicle quality.
The growth rate of 2 mm per day quoted generally is certainly too low. In our previous study we analyzed the growth rate in 101 IUI cycles. In pregnant patients a rapid daily follicular growth rate (> 2.3 mm/day) was present more frequently (83.3%) than in nonconceivers where a fast daily growing rate was observed in only 18.1%. 28 Early angiographic studies carried out by color Doppler ultrasonography in natural cycles showed that the main characteristics of blood flow in perifollicular tissue of nondominant growing antral follicles were low velocity and high resistance. 33 
SONOGRAPHIC INDICES OF OVULATION
The preovulatory follicle undergoes great changes during the last seven days preceding ovulation: an increase in size and granulosa cell thickness, and increased perifollicular vascularization in the theca layer. Changes in follicular diameter and volume are an ultrasonographic manifestation of changes in the granulosa cell compartment initiated by LH. This echographic finding reflects the echographic manifestation of physiologic reactivity of granulosa cells (intensive division) and the increase of follicular fluid, which correspond only to an increase of serum transudate through the granulosa. The thickness of the granulosa wall is in direct relation with health or atresia of the follicle, not only during the follicular phase but also shortly before ovulation. A thin follicular wall is suggestive of an atretic follicle.
Several ultrasonographic parameters, which are indicative of ovulation, have been reviewed for sensitivity and specificity in the study of Ecochard et al. 34 If we accept the definition of the day of ovulation as the day of maximal follicular growth or as the day of follicle rupture, 35 the key sonographic indices of ovulation are: disappearance of or sudden decrease in follicle size (the most frequent sign of ovulation with the sensitivity of 84%), appearance of ultrasonic echoes in the follicle (the sign which is not quite reliable, because its value rises both before and after ovulation-the proportion of cycles with echoes in the follicle increases gradually during the three days preceding ovulation, but there is also a sharp increase of this proportion on the first postovulatory day), irregularity of follicle walls (sensitivity of this sign, which is present in almost 70% of cycles, is much higher than that of the appearance of intrafollicular echoes), free fluid in the pouch of Douglas (despite the fact that free fluid could be seen in the cul-de-sac during all phases of the cycle, it is a rare finding (3 to 11% of the cycles) during the preovulatory phase, but much more common (77%) on the day of ovulation).
Angiographic studies of preovulatory follicles using 2D color Doppler ultrasound device show that the perifollicular blood flow velocities gradually increase in the periovulatory period. This increase starts approximately 29 hours before ovulation and continues for at least 72 hours later, and that may be the consequence of the penetration of blood vessels into the granulosa cell layer. In the same period, the pulsatility index (PI) remains relatively constant, and the vascular resistance index in perifollicular vessels shows low to moderate values. These findings suggest a marked increase in blood flow at the periovulatory period . 13, 36, 37 Also, a marked increase in blood flow at the base and a decrease in blood flow at the apex of the follicle is noted during follicle growth. This feature of perifollicular circulation may be of essential importance for the later release of the mature oocyte. 38 The study of Jarvela et al 39 was the first one to utilize both 3D sonography and power Doppler for the evaluation of vascularization and blood flow during the late follicular phase in women with normal ovulation. No differences were detected in the values of vascularization indices between the dominant and the nondominant ovaries, suggesting that the mean blood flow in both ovaries was equal. This is the consequence of two facts: the dominant ovary has a larger volume than the nondominant one as a direct result of the existence of the dominant follicle; and vascularization is increased in the dominant ovary compared to the nondominant one. Accordingly, the ratio of the amount of vascularization per volume remains constant and similar to that in the nondominant ovary in the late follicular phase of the cycle.
An increased perifollicular blood flow can be measured in the perifollicular period using color and pulsed Doppler. Automated estimation of blood volume around the ovarian follicles brought a new concept to this area. Our results confirm the observation that vascularity around the follicle is intense in the periovulatory period. The blood volume does not differ between follicles containing an oocyte and those with no oocyte in the aspirate, or a nonfertilizable oocyte. From our results we can hypothesize that those follicles containing oocytes able to produce pregnancy have a more uniform perifollicular vascular network.
40

SONOGRAPHY IN THE PREDICTION OF SUCCESS OF IVF CYCLES
To improve the pregnancy rate with IVF cycles, it is important to identify the factors that are able to predict the outcome of the monitored cycle and the success of the IVF procedure. In a series of studies, a great number of nonsonographic variables with possible predictive values have been investigated and classified into three large categories: maternal age, ovarian reserve, and past reproductive history.
Recognition of the follicle growth pattern has a prognostic value for the outcome of assisted reproduction methods. Follicular diameter and changes in growth patterns are more important than follicular wall thickness as parameters having an impact on clinical success. Measurements of intrafollicular levels of estradiol in aspirated follicular fluid of the dominant follicle have no clinical value in selecting follicles with a more active granulosa cell compartment related to fertilization or pregnancy after IVF.
Ultrasonographic parameters as predictors of IVF success have also been investigated. Introduction of color Doppler, power Doppler and 3D ultrasound devices have allowed research of a very wide spectrum of potential predictors. Now it is easier to carry out basic morphometric analyses of reproductive organs; better resolution of the picture, computer modeling and data storage enable investigation of smaller structures and processes; studies of blood flow (even blood flow in quite small vessels, such as the vascular network of the inner border of the theca interna) are a part of everyday practice. 40 Lately much attention has been paid to sonographic studies of perifollicular blood flow and its importance in the process of oocyte maturation, i.e. as a possible factor influencing oocyte quality. Various independent lines of evidence support the conduction of these studies. Experiments on animals have shown that perifollicular vascular network development is one of the factors with potential influence on selection and maturation of the dominant follicle. 41 Autoradiographic and histological studies have also demonstrated that one of the important features of follicular growth is an increase in the perifollicular capillary network volume. 42 Another strong reason for conducting the studies of correlation between perifollicular blood flow and the quality of the oocyte was found in the implications that more than 25% of normal-appearing oocytes obtained for IVF are affected by developmental lethal chromosomal abnormalities. 43 Those abnormalities are the result of cumulative effects of various noxious environmental influences on oocytes over the entire lifetime of the patient. One possible mechanism through which those noxious influences affect the quality of the oocyte is a hypoxic intrafollicular environment with a low metabolism rate and low pH that could influence the organization and stability of the meiotic spindle. Hypoxia could be a result of insufficient perifollicular vascular network of the growing and/or preovulatory follicle. 44 Sonographic parameters with predictive value on cycle outcome have been tested mostly for stimulated cycles, and only few studies are focused exclusively on natural cycles.
ULTRASOUND MONITORING IN STIMULATED CYCLES
Studies of possible sonographic predictors of cycle outcome and success of ART procedures carried out so far were done almost exclusively in stimulated cycles. As was mentioned for natural cycles, traditionally, the age of the patient is the single most useful non-sonographic parameter for prediction of ovarian response, followed by the early follicular phase serum FSH levels. [45] [46] [47] [48] The most important ultrasonographic parameters with potential predictive value for ovarian response to a stimulation protocol are: antral follicle number, ovarian volume, and ovarian stromal blood flow.
Ovarian Volume
Ovarian volume is the parameter most easily assessed compared to the others. Using transvaginal sonography, Syrop et al 49 showed that ovarian volume has predictive importance for ovarian response to ovulation induction. Later, Lass et al 50 indicated a strong association between ovarian volume and ovarian reserve, and they recommended that this parameter should be measured in all patients prior to IVF. Their results showed that small ovaries were associated with poor response to human menopausal gonadotropin and with a high cancellation rate during IVF. Among the first who used 3D ultrasound as an adjunct to conventional markers of ovarian reserve, Pellicer et al 51 failed to show a statistically significant difference in ovarian volume between low responders and controls on day 3rd of the cycle. In the study, of the influence of aging on morphometric parameters of the ovary and FSH levels in infertile women, Sharara and McClamrok 52 found a statistically significant correlation between age and FSH levels and between FSH levels and the number of antral follicles, but not between age and ovarian volume or between FSH levels and ovarian volume. In a later study the same authors 53 observed that in a group of IVF women with small ovarian volumes (< 3 cm 3 ) the implantation and pregnancy rates could be comparable to those with larger ovarian volumes if they were treated with higher doses of gonadotropins. Kupesic et al 54 showed the number of retrieved oocytes and the conception rate to be higher in patients with a greater ovarian volume and a greater ovarian vascularity, but these parameters were not independent from the total antral follicle number. Despite its promising predictive importance at the beginning, it is nowadays accepted that ovarian volume has a limited predictive value, because it is not an independent factor in the prediction of cycle outcome.
A possible important use of the measurement of ovarian volume and stromal area is in the differentiation between multifollicular and polycystic ovaries. 55 The ovarian ultrasound appearance of follicles of various sizes scattered throughout an ovary with no excess of medullary stroma should be referred to as a multicystic ovary (MCO). The polycystic ovary (PCO) has a typical visual appearance and can be recognized as an almost spherical ovary with more than 10 follicles (with mean diameter under 9 mm) grouped along its surface (necklace sign). The ovarian stromal area is increased in size (sandstorm sign), which makes the ovary usually-but not always-larger than normal. The multifollicular ovary is of normal size, or slightly enlarged, and it has six or more follicles (with a diameter of 4 to 10 mm). The stromal area is not increased and the follicles are not located along the ovarian surface, but are dispersed within the ovary. 56 Ovarian stromal blood flow was proven to be significantly higher in polycystic ovaries, so it has been suggested that this parameter could be used as a possible marker for polycystic ovaries. 57 It should be emphasized, however, that the polycystic ovary is a sign, not a disease, and a single pathognomonic marker (either biochemical or ultrasonographic) of this syndrome, in which anovulation plays a central role, does not exist. The selection of a specific criterion to base this diagnosis on will inevitably fail to include many patients with this problem, which has a broad spectrum of manifestations. This is applicable to the diagnostic use of ultrasonographic criteria as well. 58 It is important to note that not all women with the endocrine syndrome of PCOS have polycystic appearing ovaries, and that polycystic ovaries alone should not be viewed as synonymous with polycystic ovary syndrome. In the new ESHRE/ASRM classification of PCOS ultrasound, for the first time US plays a crucial role in the diagnosis of PCOS, which includes estimation of ovarian volume, echographic visualization of stroma, and antral follicle count (Fig. 7) . 58 Polycystic ovaries appear to be an independent risk factor for ovarian hyperstimulation syndrome after ovulation induction; therefore, it may make clinical sense to document the morphology of the ovary in infertile patients seeking ovulation induction.
Antral Follicle Numbers
The first report on the usefulness of the number of antral follicles in predicting ovarian response showed that the number of antral follicles present before stimulation was a better predictor than ovarian volume or age alone. 59 In this study, the number of antral follicles correlated with the number of retrieved oocytes, and ovarian volume correlated with the number of antral follicles, but not with the number of retrieved oocytes. The results of Chang et al 60 confirmed those from the previous study-in the cycles with less than three antral follicles before stimulation, a higher chance of cycle cancellation, a lower E 2 levels and a need for higher doses of gonadotropins were reported. Another 49 in a group of women with proven natural fertility, which evaluated antral follicle number in relation to age using transvaginal ultrasonography, demonstrated that this sonographic parameter showed the clearest correlation with age, with the mean annual decline of near 5% before the age of 37, compared with almost 12% thereafter. In the recent study of Kupesic et al, 61 in patients with normal basal serum FSH levels the total antral follicle number was the most important predictor of ovarian response and IVF outcome. Ovarian stromal flow index (FI) was another parameter of clear clinical predictive importance. At present it is widely accepted that the total number of small antral follicles in both ovaries is the most important predictive parameter of cycle outcome. It is strongly related to reproductive age and can reflect the size of the remaining follicle pool well.
Ovarian Stromal Blood Flow
There are several strong reasons to focus attention on the parameters of ovarian stromal blood flow. The parameters which have been most commonly used and thoroughly investigated are peak systolic velocity (PSV), pulsatility index (PI), resistance index (RI) and, lately, vascularization index (VI), flow index (FI), vascularization flow index (VFI). Zaidi et al demonstrated the relationship between ovarian stromal blood flow velocity (expressed through PSV in the group of poor responders) and ovarian response to stimulation. 57 Later on, Engmann et al 62 demonstrated that the mean ovarian stromal PSV on the day of pituitary suppression was a better predictor of cycle outcome in the population of patients with normal basal FSH. Nagrund et al 63 discovered significantly higher PSV of follicles in the cycles ending with fertilization. In this study, PSV > 10 cm/s signified a 70% probability for the development of a high-quality embryo in the IVF procedure. It should be noted that some studies of mean values for follicular PSV 64 and of maximum PSV from serial monitoring 65 showed no differences in values between conception and nonconception cycles. Other studies, in which individual follicles, oocytes and preimplantation embryos were investigated, revealed a significant difference in PSV in conception vs nonconception cycles. 66 At first sight these results seem confusing, but they are a logical consequence of the fact that it is the individual follicle/oocyte and not the cohort of selected follicles that determines a successful outcome of the cycle.
Ovarian stromal vessels are thin and torturous and it is impossible to obtain the angle between the ultrasound beam and the intraovarian vessel accurately. This represents the potential limitation of PSV as the predictor of cycle outcome, because it leads to more subjective measurements and depends on the experience of the examiner, who should search for the highest velocity in the intraovarian vessels. In the period preceding the introduction of the new generation of more powerful ultrasound devices and the new set of sonographic parameters of blood flow (FI and VFI), the approximation that at least one vessel in the vascular bed would be located at the appropriate angle was acceptable. 36, 67, 68 At present, according to some authors, 61 using PSV as the main predictive parameter has too many shortcomings and it was replaced by parameters independent of the examiner's experience.
Using a 3D and power Doppler ultrasound devices in the study that evaluated the predictive value of antral follicle number, total ovarian volume, total stromal area and mean flow index (FI) for ovarian response and IVF outcome, Kupesic et al 61 found that antral follicle number was the most important predictor, followed by ovarian stromal FI, while other examined factors were less predictive. These authors also concluded that 3D ultrasound enables more objective assessment of ovarian morphology and analysis of ovarian stromal blood flow, shortens the time of examination and increases the patient's comfort. In another recent study, Järvelä et al 69 It was shown that all three indices of vascularity were significantly increased during gonadotropin stimulation in the group of normal responders compared to the low ovarian reserve group, but this was related to the antral follicle number, which emphasized the importance of this marker as an independent variable (Figs 8 and 9 ).
ULTRASOUND MONITORING IN NATURAL CYCLES
The term "natural cycle" is used to describe spontaneous, unstimulated cycles from which oocytes are recovered for IVF after human chorionic gonadotropin (hCG) administration to replace and precede the natural luteinizing hormone (LH) surge. 70 IVF in natural cycles is an accepted method for treatment of infertility in selected patients, 71, 72 and their monitoring and clinical application has greatly extended our knowledge of human reproductive physiology. Despite the fact that those cycles have several advantages over stimulated ones, high failure rate at each step in the process and the unacceptably low delivery rate per oocyte recovery attempt compared to stimulated cycles are the main reasons why they are not widely used in IVF programs. 73 In evaluating follicular maturity in unstimulated cycles prior to hCG application, some authors give precedence to adequate serum E 2 level over ultrasonographic measurement of follicular diameter. According to Foulot et al 74 In IVF programs where single follicle development in natural cycles was monitored by ultrasound only, the main problem was an unwanted spontaneous LH surge. Even when folliculometry was repeated every second day until the follicle reached a diameter of 16 mm and then carried out daily, when the average diameter of the dominant follicle reached 18 mm, in 40% of cycles a spontaneous LH surge or ovulation was observed before oocyte pick-up. 72 In the more physiologic approach suggested by Paulson et al, 70 ultrasound monitoring of follicle development was started on day 3rd of the menstrual cycle. Folliculometry was then carried out every second day. Three follicle diameters were measured and the mean value was taken into consideration.
When the follicle reached the average diameter of 16 mm, folliculometry was done daily. At this diameter, the determination of the estradiol level, and of the presence of LH in urine also started. Decisions regarding the application of hCG were made on the basis of criteria which are a combination of serum estradiol levels and mean follicle diameters. On the day the mean follicle reached a diameter of 18 mm and serum E 2 a level of 0.91 nmol/ L, hCG was given. In cases where the E2 level did not reach 0.91 nmol/L while the mean follicle diameter reached 20 mm, hCG was given when E2 reached at least 0.73 nmol/L. In cases where E2 reached higher values than 1.1 nmol/L before the follicle diameter reached 18 mm, hCG was administered only in case the follicle diameter reached at least 16 mm. 70 Even in such a flexible approach spontaneous ovulation was not eliminated.
Based on the results of our previous study, 32 we modified the criteria for hCG application to those when the follicle reaches at least 15 mm in mean diameter and serum E2 is 0.49 nmol/L. Despite such low values of serum E2 and the small mean follicle diameter, the aspirated oocytes were suitable for IVF/ICSI with similar fertilization rate and implantation rate of cleavage embryos with spontaneous LH surge or ovulation before OPU in less than 10% of cases.
Studies of perifollicular blood flow in small groups of natural cycles demonstrated an increase in peak systolic velocity (PSV) and a tendency of the pulsatility index (PI) to decrease. 36, 67, 81 In other studies the authors report a statistically significant increase in PSV in perifollicular vessels, but no change in PI. 36, 67 In the later study of Gavriae Lovrec et al, 82 carried out in a larger group (a total of 178 cycles) of unstimulated cycles, no statistically significant increase in PSV between fertilization and non-fertilization cycles was demonstrated, but rather a decrease in PI and resistance index (RI) was shown. The study investigated the usefulness of the percentage of blood volume showing a flow signal (VFS) inside a 5 mm capsule of perifollicular tissue of the dominant preovulatory follicle as a predictor of the outcome of unstimulated IVF/ICSI cycles. 76 The more uniform vascular network in the capsule was a more frequent finding than average in cycles with implantation compared to nonimplantation cycles, but this difference only reached borderline statistical significance (Figs 10 and 11) .
At this stage of our knowledge, the results from the studies of the predictive value of sonographic indices in natural cycles are controversial, so quantitative Doppler measurement of perifollicular blood flow is of limited value as a parameter for decision making in IVF procedures with natural cycles.
ULTRASOUND AS THE ONLY MONITORING TOOL FOR ASSISTED REPRODUCTION
Before ultrasonography became a routine method for monitoring of follicle development, this role was attributed to serum estradiol (E 2 ). After it was demonstrated that a direct correlation exists between follicular growth and E 2 level, ultrasound was introduced for follicular growth, which previously had been so indirectly evident. Ultrasound correlated precisely with E 2 assays and with the number of mature follicles. At the beginning of stimulation, information about the presence of a cyst or follicle like structure will modify our clinical approach to stimulation or cycle cancellation. In the middle of the follicular phase during COH, ultrasonographic evaluation of follicle growth and number will influence gonadotropin dose in the next days or the cancellation of the cycle if no response is documented. Monitoring of follicle growth and its vascularization at the end of COH could certainly increase the quality of the retrieved oocytes considerably.
Maturity of the oocyte is closely associated with the size of the follicles and the serum estradiol levels. Commonly, the first serum estradiol level is measured after 3 to 5 days to determine whether the dose of the chosen stimulatory drug is optimal. Afterwards, levels of estradiol and transvaginal ultrasonographic scans are carried out every 1 to 3 days (interval between measurements depends upon clinical findings). The goal is to obtain at least two follicles measuring 17 to 18 mm in mean diameter, optimally accompanied by a few others with mean diameter of 14 to 16 mm, and to obtain the serum estradiol level consistent with the overall size and maturity of the cohort, i.e. the serum estradiol level of app. 200 pg/ml per follicle measuring > mm. These threshold values are just a rough guideline, because measurements of follicles vary among observers and estradiol assays vary in their characteristics and adequate ranges of values. That is why each IVF program must empirically establish its own thresholds.
The growing follicle matures and secretes increasing levels of estradiol (E 2 ). E 2 affects the target organs and promotes proliferation of the endometrium, increasing its thickness. Clear associations between the diameter of the dominant follicle and the levels of E 2 , and between the levels of E 2 and endometrial thickness inspired some authors to try using ultrasound as the only monitoring tool for IVF cycles. Another important reason that made this approach attractive was the economic benefit for the patient. In 1985 Nilson et al 83 suggested that ultrasound alone is sufficient to estimate follicular maturity and hence the administration of hCG which determines ovulation. Vlaisavljevic et al 84, 85 advocate a simplification of ultrasound monitoring where COH is adjusted to the woman's needs. Major concerns arising from this less intensive approach are its possible negative effect on the pregnancy rate and the possibility of ovarian hyperstimulation syndrome (OHSS) developing.
An OHSS is a condition of unknown etiology, with potentially life-threatening complications. They include renal failure, adult respiratory distress syndrome (ARDS), hemorrhage from ovarian rupture, and thromboembolism. The following factors increase the risk of developing ovarian hyperstimulation syndrome (OHSS): young age, low body weight, polycystic ovary syndrome (PCOS), higher doses of exogenous gonadotropins, high absolute or rapidly rising serum estradiol levels and previous episodes of OHSS. Caution is indicated when any of the following indicators for increasing risk of OHSS are present: rapidly rising serum estradiol levels; an estradiol concentration exceeding 2,500 pg/ml; and the emergence of a large number (more than 20 according to some authors) of intermediate sized follicles (10 to 14 mm). 86 The potential severity of OHSS is the main reason why many authors recommend intensive monitoring of IVF cycles with both determination of the E 2 levels and ultrasound scanning. Daily ultrasound and estradiol monitoring remains essential for avoiding eventual OHSS. However, emphasizing the idiosyncratic nature of OHSS-which makes us incapable of avoiding this condition completely 87 -other authors think that intensive monitoring with measuring of E 2 levels in addition to ultrasound scanning is justified only in case of high suspicion based on risk factors and clinical picture. 4 In the retrospective study of Ben-Shlomo et al, 88 the intensive monitoring protocol was compared to one using ultrasound scanning only. There was no difference in the duration of stimulation, the amount of gonadotropins used, the number of oocytes retrieved, fertilization rates and clinical pregnancy rates. Most importantly, the incidence of OHSS in the two approaches did not differ significantly.
At present, data that would help us accept one and abandon the other approach are insufficient. There is a clear need for additional investigation of this issue. Sufficient clinical suspicion for the development of OHSS requires the full attention of the attending physician and the introduction of preventive measures: withholding further gonadotropin stimulation ("coasting") and delaying hCG administration until the estradiol levels plateau or decrease. Administration of a lower dose of hCG or application of a GnRH agonist rather than hCG in the GnRH antagonist stimulation protocol; the use of exogenous progesterone for luteal phase support rather than supplemental doses of hCG; prophylactic IV administration of 25% albumin at the time of oocyte retrieval or puncture of all follicles from one ovary 12 hours after hCG administration followed by oocyte pickup of the opposite ovary 35 hours later 89 are procedures suggestive of diminished frequency of OHSS, but there is not enough evidence to support such expectations.
Patients at risk of OHSS might benefit from in vitro maturation to avoid elevation of estradiol and gonadotropins that may trigger or worsen OHSS. Compared with aspiration of in vivo matured oocytes in follicles of preovulatory size, aspiration of immature oocytes from follicles of 5 to 10 mm in diameter is technically demanding. 80, 90 
